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HIGHLIGHTS 


►  Nanosized  FeP04*xH20  was  synthesized  using  highly  scalable  flame  spray  pyrolysis. 

►  High  purity  Nano-LiFeP04/C  composite  was  produced  by  a  subsequent  solid-state  reaction. 

►  Material  consists  of  LiFeP04  NPs  homogeneously  distributed  in  a  carbon  matrix. 

►  Material  has  a  good  discharge  capacity  of  more  than  140  mAh  g-1. 

►  Very  high  drain  rates  of  16  C  while  delivering  40  mAh  g  1  are  shown  without  degradation. 
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Olivine,  LiFeP04  is  a  promising  cathode  material  for  lithium-ion  batteries  due  to  its  low  cost,  environ¬ 
mental  acceptability  and  high  stability.  Its  low  electric  conductivity  prevented  it  for  a  long  time  from 
being  used  in  large-scale  applications.  Decreasing  its  particle  size  along  with  carbon  coating  significantly 
improves  electronic  conductivity  and  lithium  diffusion.  With  respect  to  the  controlled  formation  of  very 
small  particles  with  large  specific  surface,  gas-phase  synthesis  opens  an  economic  and  flexible  route 
towards  high-quality  battery  materials.  Amorphous  FeP04  was  synthesized  as  precursor  material  for 
LiFeP04  by  flame  spray  pyrolysis  of  a  solution  of  iron  acetylacetonate  and  tributyl  phosphate  in  toluene. 
The  pristine  FeP04  with  a  specific  surface  from  126-218  m2  g-1  was  post-processed  to  LiFeP04/C 
composite  material  via  a  solid-state  reaction  using  Li2C03  and  glucose.  The  final  olivine  LiFeP04/C 
particles  still  showed  a  large  specific  surface  of  24  m2  g-1  and  were  characterized  using  X-ray  diffraction 
(XRD),  electron  microscopy,  X-ray  photoelectron  spectrocopy  (XPS)  and  elemental  analysis.  Electro¬ 
chemical  investigations  of  the  final  LiFeP04/C  composites  show  reversible  capacities  of  more  than 
145  mAh  g-1  (about  115  mAh  g-1  with  respect  to  the  total  coating  mass).  The  material  supports  high 
drain  rates  at  16  C  while  delivering  40  mAh  g-1  and  causes  excellent  cycle  stability. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  increasing  utilization  of  renewable  energy  as  well  as  the 
increasing  production  of  electrically  driven  vehicles  requires 
a  significant  improvement  for  electrical  energy  storage.  With 
respect  to  performance  and  storage  capacity,  rechargeable  lithium- 
ion  batteries  have  become  one  of  the  best  options  for  mobile 
applications  such  as  laptops,  consumer  electronics,  power  tools  and 
others  since  their  first  commercial  introduction  in  the  early  1990s. 
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Safety,  increased  capacity,  power  and  availability  are  of  increasing 
importance  with  respect  to  the  mass  application  of  Li-ion  batteries. 
At  the  cathode  of  Li-ion  batteries,  Li+  is  typically  stored  in  transition 
metal  oxides  such  as  LiCo02,  LiNi02,  and  other  Ni-  or  Co-based 
mixed  oxides  [1]  that  considerably  contribute  to  the  cost  and 
weight  of  a  battery. 

Olivine  (LiFeP04)  has  gained  more  and  more  attention  as 
cathode  material  due  to  its  advantages  compared  to  the  commonly 
used  materials.  Especially  its  environmental  safety,  sustainability, 
availability  and  expected  low  production  cost  in  combination  with 
its  theoretical  storage  capacity  of  170  mAh  g_1  makes  it  a  highly 
interesting  cathode  material.  Even  though  having  many  advan¬ 
tages,  the  poor  electronic  conductivity  and  Li-ion  diffusion  of 
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conventional  LiFeP04  compared  to  the  established  materials  has 
prevented  it  from  being  used  in  the  battery  market.  The  most 
promising  approach  to  overcome  these  problems  focus  on 
decreasing  the  particles  size  to  the  nanometer  range  and  coating 
them  with  electrically  conducting  materials  [2-13].  Various 
research  groups  investigated  the  utilization  of  FeP04*xH20  based 
on  cost-efficient  raw  material  to  produce  high-rate  LiFeP04.  Several 
routes  such  as  the  polymer-pyrolysis-reduction  method  [7],  the 
sol-gel  route  [8,9],  the  modified  co-precipitation  method  [12,14], 
the  rheological  phase  method  [11,15,16],  the  carbothermal  reduc¬ 
tion  method  [6,17-19],  the  microwave  method  [20],  the  solid-state 
reaction  method  [3,21-23],  and  the  solid/liquid  phase  reaction 
[24,25]  were  investigated  in  search  for  a  promising  route  suitable 
for  up  scaling  purposes. 

Typically,  the  performance  of  LiFeP04/C  is  determined  by  the 
production  strategy  of  the  raw  material,  the  electrode  preparation, 
and  the  amount  of  carbon  used  as  conducting  agent.  Recently, 
Liu  et  al.  [2]  used  high  temperature  heat-treatment  of  20-50  nm 
FeP04/polythiophene  mixtures  to  produce  LiFeP04/C  with 
improved  cycling  performance  and  high  initial  discharge  capacity 
of  150  mAh  g-1  at  0.1  C  rate  (i.e.,  charging  and  discharging  of  10%  of 
the  nominal  power).  Promising  electrochemical  performance  with 
an  excellent  initial  discharge  capacity  of  157  mAh  g-1  was  found 
at  high  temperature  using  the  polymer-pyrolysis-reduction 
method  [7].  Peng  et  al.  [8]  reported  the  use  of  100-500  nm 
LiFeP04/C  from  FeP04*xH20  produced  by  sol-gel  method  with 
a  discharge  capacity  of  about  106  mAh  g-1  at  10  C  rate  providing 
a  capacity  retention  of  98.7%  after  the  50th  cycle.  Nanosized 
LiFeP04  ranging  from  20-30  nm  with  a  high  amount  of  carbon  was 
successfully  produced  using  the  sol-gel  method  yielding  an  initial 
discharge  capacity  of  126  mAh  g-1  at  0.1  C  [9].  While  many  groups 
produce  and  investigate  nanosized  LiFeP04/C,  Lou  et  al.  describe 
micrometer-sized  LiFeP04/C  exhibiting  a  discharge  capacity  of  116, 
96  and  75  mAh  g-1  at  10,  20,  and  30  C,  respectively.  Huang  et  al. 
[11]  produced  FeP04*2H20  by  a  rheological  phase  method  with 
sizes  between  60  and  150  nm  showing  high  discharge  capacity  of 
160  mAh  g-1  and  155  mAh  g-1  at  0.5  C  and  1  C,  correspondingly. 
Fine  LiFeP04/C  with  good  cycling  stability  and  a  capacity  of 
134  mAh  g-1  at  2  C  was  prepared  by  Wang  et  al.  [12].  Furthermore, 
LiFeP04/C  formed  using  FeP04*2H20  via  the  carbothermal  route 
showed  an  initial  capacity  of  133, 151.2,  and  144  mAh  g-1  at  0.1  to 
0.2  C  [17-19]. 

Although  the  nanoscale  LiFeP04/C  composite  materials 
produced  by  the  above  mentioned  routes  illustrated  quite  good 
electrochemical  results,  in  most  cases  the  production  process  was 
found  to  be  too  complicated  for  large-scale  production.  While  large 
amounts  of  conductive  carbon  lead  to  better  electrochemical 
properties,  the  tap  density  and  energy  density  are  decreased 
gradually.  Therefore,  the  amount  of  conductive  carbon  must  be 
kept  to  a  minimum  to  optimize  the  electrochemical  performance  of 
the  cathode  material.  In  addition,  the  cost  of  the  raw  material, 
especially  the  source  for  the  iron  compound,  must  be  considered 
with  respect  to  mass  production.  Additionally,  in  most  of  the 
previous  works  the  production  of  large  specific  surface  FeP04*xH20 
or  LiFeP04/C  was  not  possible.  We  investigated  a  method  based  on 
flame  spray  pyrolysis  (FSP)  which  is  known  to  enable  the  produc¬ 
tion  of  significant  amounts  of  nanosized  materials  with  the 
potential  to  be  scaled  to  industrial  production  scales.  First 
approaches  towards  LiFeP04/C  produced  by  FSP  have  been  made 
before  [26],  but  the  results  revealed  that  for  good  performance  and 
sufficiently  reducing  conditions  during  synthesis,  a  large  amount  of 
carbon  is  produced  as  a  secondary  product,  which  unfortunately 
lowers  the  overall  capacity  significantly.  Nevertheless,  FSP  is 
a  particularly  suitable  and  scalable  method  to  synthesize  nano¬ 
materials  from  cheap  raw  material  of  iron  (III)  such  as  iron  nitrate 


or  iron  chloride.  Therefore,  we  developed  a  two-step  method 
towards  the  formation  of  nanoscale  LiFeP04/C  composite  materials. 
For  simplicity  reasons  and  to  avoid  the  formation  of  nitrogen  oxides 
and  hydrochloric  acid,  we  synthesized  large  specific  surface 
FeP04*xH20  from  iron  (III)  acetylacetonate  while  the  final  nano¬ 
scale  high-performance  LiFeP04/C  is  generated  from  a  mixture  of 
FeP04*xH20,  Li2C03,  and  glucose.  The  results  presented  here 
demonstrate  the  viability  of  the  synthesis  strategy  as  well  as  the 
good  cycling  stability  and  electrochemical  properties  of  the 
product. 

2.  Experimental 

2.1.  Powder  synthesis 

The  basic  raw  material  FeP04*xH20  was  prepared  in  the 
gas-phase  using  the  flame  spray  pyrolysis  technique  known  from 
literature  [27].  Three  different  liquid  precursor  solutions  consisting 
of  iron  (III)  acetylacetonate  and  tri-butylphosphate  (reagent  grade, 
Merck)  in  toluene  (reagent  grade,  Merck)  were  prepared  with  iron 
and  phosphate  concentrations  of  0.0125,  0.05,  and  0.2  mol  l-1, 
respectively.  At  a  constant  flow  rate  of  3  ml  min-1,  the  precursor 
solutions  were  injected  into  a  flame  spray  pyrolysis  reactor  via 
a  water-cooled  air-blast  nozzle  using  a  feeding  system  consisting  of 
two  syringe  pumps  for  continuous  operation.  A  coaxial  dispersion 
gas  flow  of  5  slm  02  (Air  Liquide,  purity  99.95%)  was  used  for  the 
atomization  of  the  liquid  precursor  solution.  The  resulting  spray 
was  ignited  and  the  highly-turbulent  spray  flame  was  stabilized  by 
a  supporting  premixed  methane/oxygen  flame  at  a  flow  rate  of 
2.4  slm  02  and  1.13  slm  CH4  (Air  Liquide,  purity  99.95%).  An  addi¬ 
tional  sheath  gas  flow  of  5  slm  02  was  fed  through  a  sinter  metal 
ring  with  an  inner  diameter  of  18  mm  and  an  outer  diameter  of 
34  mm  surrounding  the  supporting  flame  to  ensure  complete 
conversion  of  the  reactants  and  to  stabilize  the  fluid  flow.  The  gas 
flows  were  adjusted  by  mass  flow  controllers  (Bronkhorst).  The 
flame  is  located  in  a  330  mm  diameter  stainless-steel  housing  and 
the  product  was  collected  from  the  exhaust  gas  on  a  filter  located 
downstream  of  the  flame  spray  reactor.  Fig.  1  shows  a  sketch  of  the 
flame  spray  reactor  used  in  this  work. 

The  LiFeP04/C  composite  material  was  synthesized  via  a  solid- 
state  reaction  from  a  mixture  of  the  as-prepared  FeP04,  Li2C03 
(reagent  grade,  Merck),  and  glucose  as  reducing  agent  and  carbon 
source.  After  pre-heating,  the  intimately  mixed  powder  was 
pelletized  and  calcinated  for  16  h  at  600  °C  under  inert  gas  atmo¬ 
sphere.  A  black-colored  product  with  a  tap  density  of  1.42  g  cm2  was 
obtained  after  cooling  down  to  room  temperature. 

2.2.  Material  characterization 

The  phase  composition  of  all  products  was  determined  by  X-ray 
diffraction  (XRD)  performed  with  a  PANalytical  X-ray  diffractometer 
(X’Pert  PRO)  with  Cu  Ka-radiation  (1.5406  A).  From  the  XRD  pattern 
the  crystallite  size  was  calculated  by  Rietveld  refinement  using  the 
program  MAUD  [28].  The  specific  surface  area  was  determined  by 
nitrogen  adsorption  using  the  Brunauer— Emmet— Teller  method 
(BET,  Quantachrome  Nova2000).  Thermogravimetric  analysis  was 
conducted  using  a  commercial  TGA/DTA  instrument  (Bahr  STA  503). 
The  morphology  of  the  materials  was  investigated  by  transmission 
electron  microscopy  (TEM,  Philips  CM12)  with  an  accelerating 
voltage  of  120  kV.  The  carbon  content  of  the  LiFeP04/C  composite 
was  determined  by  an  element  analyzer  (CE  instruments  EA1110) 
and  X-ray  photoelectron  spectroscopy  (XPS,  SPECS  Phoibos  100)  was 
performed  to  determine  the  oxidation  state  of  iron  in  LiFeP04/C. 
Raman  spectroscopy  was  performed  with  a  micro-Raman  system 
using  a  wavelength  of  532  nm  and  a  liquid-nitrogen  cooled  CCD  for 
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detection.  The  spot  size  of  the  laser  beam  on  the  sample  surface  was 
focused  with  a  microscope  lens  to  about  1  pm  diameter  and  the 
spectra  were  recorded  at  room  temperature  in  backscattering 
geometry. 

2.3.  Electrode  preparation 

LiFePCU/C  and  Super-P  Li™  (Timcal)  were  intensely  mixed  in 
a  mortar  and  subsequently  dispersed  in  N-methyl-2-pyrrolidone 
(NMP,  Acros  Organics,  extra  dry,  water  <  50  ppm)  together  with 
polyvinylidene  fluoride  (PVdF,  Solef  1013,  Solvay  Solexis).  After 
sonication,  the  dispersions  were  either  homogenized  by  means  of 
a  turbo  mixer  at  10,000  rpm  for  60  min  or  by  further  sonication.  We 
found  that  the  decreased  tap  density  didn’t  have  any  influence  on 
the  preparation  of  the  dispersion  in  comparison  to  commercially 
available  LiFeP04  materials  with  higher  tap  density.  The  obtained 
slurry  was  cast  on  an  aluminum  foil  (Alujet,  thickness:  30  pm)  with 
a  wet  film  thickness  of  150  pm  by  using  an  adjustable  doctor  blade 
and  dried  under  vacuum  at  120  °C.  Afterwards,  the  samples  were 
compressed  by  calendaring  and  cut  into  electrodes  with  an  area  of 
1.1  cm2.  The  typical  composition  of  the  dried  electrodes  was  86  wt% 
LiFeP04/C,  7  wt%  Super-P  Li™  and  7  wt%  PVdF.  The  average  mass 
loading  of  the  electrodes  was  around  4.0  mg  cm-2. 


2.4.  Electrochemical  tests 

Electrochemical  measurements  were  carried  out  using 
Swagelok(R)-type  electrode  cells.  Lithium  foil  (Chemetall,  100  pm 
thick)  served  as  counter  and  reference  electrodes  and  poly¬ 
propylene  fleeces  impregnated  with  electrolyte  were  used  as 
separator.  As  electrolyte  a  solution  of  1  M  LiPF6  in  ethylene 
carbonate  and  diethyl  carbonate  (3/7;  m/m )  was  used.  The  test  cells 
were  assembled  in  an  argon  filled  glove  box. 

Constant  current  (CC)  tests  and  cyclic  voltammetry  (CV) 
measurements  were  performed  with  a  Basytec  CTS  Lab  XL  battery 
tester.  CC  experiments  were  carried  out  in  the  range  of  2.4  to  4.0  V 
vs.  Li/Li+  and  CV  measurements  were  recorded  between  2.3  and 
4.0  V  vs.  Li/Li+  with  a  scan  rate  of  10  pV  s-1.  Impedance  spectra  were 
recorded  with  an  electrochemical  workstation  (Zahner  IM6)  at 
a  potential  of  3.0  V  vs.  Li/Li+  in  a  frequency  range  between  10  mFIz 
and  3  MFIz  at  an  amplitude  of  5  mV. 

3.  Results  and  discussion 

X-ray  powder  diffraction  patterns  were  used  to  analyze  the 
structure  and  identify  the  phase  of  the  as-prepared  FeP04  before 
and  after  annealing  at  600  °C  in  air  (see  Fig.  2).  While  in  all  cases  the 
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Fig.  2.  XRD  patterns  of  as-prepared  and  thermally-annealed  (600  °C)  FeP04  samples 
prepared  at  different  iron  and  phosphate  concentrations  (see  text). 


pristine,  yellowish  FeP04  was  fully  amorphous,  the  characteristic 
diffraction  pattern  of  FeP04  could  be  obtained  for  all  materials  after 
thermal  treatment.  BET  measurements  revealed  that  the  initial 
concentration  within  the  precursor  solvent  plays  a  vital  role  with 
respect  to  the  specific  surface  area  (SSA)  of  the  product.  Assuming 
monodisperse,  spherical  particles,  the  respective  particle  size  can 
be  calculated  from  the  SSA.  It  was  found  that  the  particle  size 
increases  from  12  to  18  nm  in  diameter  with  increasing  precursor 
concentration  while  the  SSA  decreases  from  218  to  126  m2  g  1  (see 
Table  1).  Annealing  at  600  °C  decreased  the  specific  surface  area 
significantly.  The  particle  sizes  derived  from  BET  match  well  with 
those  received  from  Rietveld  refinement  of  the  XRD  pattern.  As 
expected,  the  particles  tend  to  grow  during  calcination  but  they  still 
exhibit  a  high  specific  surface  area  and  low  particle  sizes  between 
25  (30)  and  72  (87)  nm  (numbers  from  BET  and  XRD,  respectively). 

As  known  from  the  work  of  Galoustov  et  al.  iron  phosphate 
typically  contains  some  water  molecules  per  unit  cell.  Therefore, 
thermogravimetry  measurements  were  conducted  to  measure  the 
amount  of  water  of  the  pristine  FeP04  and  to  determine  the 
temperature  required  for  the  formation  of  the  anhydrous  salt.  Fig.  3 
exhibits  the  thermogravimetry  results  for  a  temperature  variation 
from  room  temperature  to  800  °C  in  inert  atmosphere  at  a  heating 
rate  of  10  °C  min-1.  A  weight  loss  of  about  16  wt%  was  observed 
which  corresponds  to  the  presence  of  1.7  mole  water  per  mole 
FeP04.  The  measurements  show  that  a  complete  release  of  water 
requires  a  minimum  temperature  of  about  600  °C. 

Conductivity  measurements  (not  shown)  indicated  that  pristine 
FeP04*xH20  produced  from  the  0.2  M  precursor  solution  had  the 
best  electrical  properties  as  this  sample  exhibited  a  three  times 
larger  conductivity  than  the  samples  synthesized  from  less 


Table  1 

Specific  surface  area  and  particle  size  of  as-prepared  and  calcinated  FeP04  synthe¬ 
sized  at  various  iron  and  phosphate  concentrations. 


Sample 

As-prepared 

Calcinated  at  600  °C 

Specific 
surface 
area  [m2  g-1] 

Particle  size 
Dbet  [nm-1] 

Specific 
surface 
area  [m2  g-1 

Particle  size 
Dbet  [nm-1] 

] 

Crystallite 

size 

[nm-1] 

FP0.0125 

218 

12 

80 

25 

30 

FP0.05 

173 

14 

57 

36 

42 

FP0.2 

126 

18 

27 

72 

87 

LFPC 

24 

69 

70 

concentrated  precursor  solution.  Flence,  this  material  was  chosen 
for  further  processing  to  receive  a  nanostructured  LiFeP04/C 
composite  material.  The  composite  was  prepared  from 
FeP04*xH20,  LhCOs  and  glucose  as  described  above.  The  added 
glucose  acts  as  a  reducing  agent  to  reduce  Fe3+  to  Fe2+  during  the 
formation  of  LiFeP04  and  we  made  use  of  the  effect  that  carbon, 
formed  from  excess  glucose,  additionally  inhibits  particle  growth 
[9,11,17,29].  This  can  be  affirmed  as  can  be  seen  from  the  results 
shown  in  Table  1.  Excess  of  carbon  is  also  known  to  enhance  the 
electronic  conductivity  of  LiFeP04/C,  thus  providing  improved 
electrochemical  properties  [1]. 

Fig.  4  depicts  the  X-ray  pattern  of  LiFeP04/C  synthesized  at 
600  °C.  The  pattern  can  be  attributed  to  LiFeP04  (olivine)  and  well 
indexed  in  the  orthorhombic  system  (space  group  Pnma)  with  cell 
parameters  of  a  =  10.333,  b  =  6.012,  and  c  =  4.697  A.  The  crystallite 
size  obtained  from  Rietveld  refinement  showed  very  good  agree¬ 
ment  with  Dbet  (cf.  Table  1 ).  This  result  is  consistent  with  the  work 
of  Yang  et  al.  who  synthesized  LiFeP04/C  via  a  polymer- 
-pyro lysis-reduction  method  [7].  According  to  the  expectation 
that  carbon  species  synthesized  at  600  °C  exist  in  an  amorphous 
form,  no  diffraction  peak  of  carbon  was  detected  in  the  XRD 
pattern.  The  LiFeP04/C  had  a  deep  black  color  while  materials 
without  excess  of  glucose  were  grey. 

To  validate  the  oxidation  state  of  the  iron  atoms  and  to  prove  the 
existence  of  carbon  in  LiFeP04/C,  X-ray  photoelectron  spectroscopy 
(XPS)  measurements  were  conducted  and  the  result  is  presented  in 
Fig.  5a.  No  other  signals  than  those  from  lithium,  iron,  phosphorus, 
oxygen,  and  carbon  were  detected  which  confirmed  that  the 
prepared  LiFeP04/C  is  free  from  impurities  that  can  be  detected 
using  this  technique.  The  binding  energy  (BE)  for  Lils,  P2p,  Cls  and 
Ols  were  found  to  be  56, 134,  287,  and  532  eV,  respectively.  The 
inset  shows  the  enlarged  spectrum  at  around  720  eV  indicating 
Fe2p3/2  and  Fe2pl/2  with  binding  energies  of  725  and  712  eV, 
correspondingly.  This  result  fully  agrees  with  findings  reported  in 
literature  [12,15,16].  These  two  peaks  could  be  ascribed  to  the 
characteristic  of  Fe2+  in  LiFeP04.  Thus,  the  XPS  analysis  further 
confirms  that  our  LiFeP04/C  is  of  high  purity. 

The  carbon  content  analyzed  by  CHNS  elemental  analysis 
revealed  that  the  amount  of  carbon  in  LiFeP04/C  was  3.85  wt%.  Even 
though  carbon  coating  would  offer  better  electronic  conductivity, 
some  groups  report  that  at  high  amount  of  carbon  would  affect  the 
electrochemical  performance  of  LiFeP04  [21,29]  as  the  carbon  layer 


80 


N.A.  Hamid  et  al.  /  Journal  of  Power  Sources  216  (2012)  76-83 


Fig.  4.  XRD  pattern  of  nano-LiFeP04/C  composite  synthesized  at  600  °C. 

could  hamper  the  formation  of  crystalline  LiFeP04  and  reduce  the 
tap  density,  which  leads  to  lower  energy  density.  Compared  to 
values  of  about  1.05  g  cm2  reported  in  literature  for  composites  with 
a  carbon  content  of  3.5%  [30],  the  tap  density  of  our  material  is 
comparably  high,  and  therefore  a  low  volumetric  energy  density  is 
not  expected.  The  carbon  phase  within  the  LiFeP04/C  composite  was 
further  investigated  using  Raman  spectroscopy.  The  spectrum 
showed  two  prominent  peaks  at  the  G-band  (1584  cm-1 )  and  the  D- 
band  (1353  cm-1,  cf.  Fig.  5b).  The  second-order  signal  was  only 
visible  as  a  small  modulated  bump  (2400-3300  cm-1)  not  shown 
here.  These  results  clearly  indicate  the  presence  of  carbon  and  show 
the  characteristic  features  of  the  transition  region  from  nano¬ 
crystalline  to  amorphous  carbon  as  described  by  Ferrari  and  Rob¬ 
ertson  [31]. 

The  morphology  of  the  pristine  amorphous,  as  well  as  the  heat- 
treated  crystalline  FeP04  and  of  LiFeP04/C  was  studied  using  TEM 
as  shown  in  Fig.  6a-c.  Mostly,  soft  agglomerates  of  spherical 
particles  were  received  directly  after  flame  spray  synthesis  (Fig.  6a) 
which  turned  to  fully  necking,  large  and  facetted  aggregates  after 
heat-treatment  at  600  °C  (Fig.  6b).  Fig.  6c  shows  again  mostly 
spherical  particles  of  LiFeP04  surrounded  by  a  porous  network  of 
carbon.  The  image  clearly  supports  the  finding  that  the  carbon 
phase  prevents  the  LiFeP04  from  sintering  together.  It  is  also 
revealed  that  the  carbon  phase  is  homogenously  distributed  within 
the  active  material  of  LiFeP04  thus  enhancing  the  electronic 
conductivity  and  providing  a  better  channel  for  the  Li+  ions  diffu¬ 
sion  during  intercalation  and  de-intercalation. 

The  electrochemical  performance  of  the  nanosized  LiFeP04/C 
was  investigated  by  cyclic  voltammetry,  constant-current  charge/ 
discharge  measurements  and  electrochemical  impedance  spec¬ 
troscopy.  The  influence  of  two  different  preparation  steps  during 
slurry  production  was  investigated  to  identify  the  most  suitable 
processing  with  respect  to  the  electrochemical  performance.  Fig.  7 
shows  the  voltammograms  of  the  first  cycle  of  nano-LiFeP04/C 
electrodes  processed  from  slurries  prepared  either  by  sonication  or 
by  using  a  turbo  mixer.  No  significant  differences  were  observed  for 
the  two  samples.  Two  peaks  around  3.5  V  vs.  Li/Li+  for  LiFeP04/C 
were  detected  and  a  slight  polarization  was  found  in  consistence  to 
literature  [4].  We  examined  a  broad  oxidation  peak  and  a  sharp 
reduction  peak,  associated  with  the  oxidation  of  Fe(II)  to  Fe(III)  and 
the  corresponding  reduction  according  to  Eq.  (1): 

LiFe(II)P04  — » Lii_xFe(IIIx/IIi_x)P04  +  xli+  +  xe~  (1) 


Binding  energy /eV 


Raman  shift  /  cm’1 


Fig.  5.  (a)  XPS  spectrum  of  LiFeP04/C.  (b)  Raman  spectrum  of  LiFeP04/C. 


As  can  be  seen  from  the  inset  in  Fig.  7,  the  broad  oxidation  peak 
only  appears  during  the  first  cycle  while  the  subsequent  cycling 
shows  the  typical  symmetric  behavior  for  charging  and  discharging. 
We  attribute  this  to  some  initial  restructuring  taking  place  during 
the  first  cycle.  The  charges  for  the  oxidation  process  received  from 
integration  of  the  respective  signals  were  161.7  mAh  g-1  for  the 
sonicated  sample  and  161.6  mAh  g-1  for  the  turbo-mixed  sample. 
Discharge  capacities  of  157.3  and  149.3  mAh  g-1  were  determined 
resulting  in  efficiencies  of  around  97  and  92%,  respectively.  These 
data  imply  that  the  electrochemical  processes  are  reversible  and 
that  the  broad  shape  of  the  oxidation  peak  cannot  be  explained  by 
side  reactions,  e.g.,  decomposition  of  the  electrolyte.  Most  likely,  we 
attribute  the  unusual  shape  of  this  peak  to  diffusion  limitations 
during  the  first  cycle  of  the  oxidation  process.  Additionally,  differ¬ 
ences  regarding  the  shape  of  the  reduction  peak  and  the  respective 
oxidation  peak  may  be  attributed  to  a  modification  of  the  electrode 
micro  structure  or  an  enhancement  of  wetting  the  nanosized 
LiFeP04/C  electrode  during  the  first  charging  step.  In  addition,  the 
distinction  of  the  peak  potentials  referred  to  their  maxima  is  187  mV 
for  the  LiFeP04/C  electrode  manufactured  from  turbo-mixed  mate¬ 
rial  and  199  mV  for  the  sonicated  sample.  This  finding  is  also  in 
accordance  with  literature  [4,8].  We  assume  that  homogenization  by 


N.A.  Hamid  et  al.  /  Journal  of  Power  Sources  216  (2012)  76-83 


81 


Fig.  6.  TEM  micrographs  of  FeP04  from  0.2  M  precursor  solution  (a)  as-prepared  (b)  after  annealing  at  600  °C  (c)  LiFeP04/C  composite. 


using  a  turbo  mixer  leads  to  better  dispersion  and  increased  elec¬ 
trical  connection  between  active  material,  Super-P™,  and  binder. 

Fig.  8  shows  the  discharge  curves  of  nano-LiFeP04/C  samples 
recorded  at  0.05  C.  Flat  potential  plateaus  at  3.4  V  vs.  Li/Li+  were 


Fig.  7.  Cyclovoltammogram  of  LiFeP04/C  composite  electrodes  measured  at  a  scan  rate 
of  0.01  mV/s.  The  inset  shows  the  cyclovoltammograms  of  the  2nd  and  3rd  cycle 
indicating  that  the  asymmetry  observed  for  the  first  cycle  can  be  attributed  to  an  initial 
change  in  microstructure. 


observed,  which  is  typical  for  the  single-phase  transition  of  iron- 
phosphate  to  lithium  ironphosphate  (cf.  Eq.  (1)).  Discharge  capac¬ 
ities  of  134  and  142  mAh  g-1  were  reached  for  LiFePO^C  cathodes 
produced  either  by  using  a  turbo  mixer  or  sonication.  These  values 
are  about  16  to  21%  below  the  theoretical  capacity  limit  of  lithium 
iron  phosphate.  We  attribute  the  reduced  capacity  to  the  intended 
limitation  of  the  potential  to  4.0  V  we  have  chosen  for  our  experi¬ 
ments.  Usually,  LiFeP04/C  cathodes  are  charged  to  a  cut-off 
potential  of  4.2  to  4.5  V  to  reach  fully  delithiated  iron  phosphate 
[3,24].  With  respect  to  the  large  specific  surface  of  our  material 
compared  to  materials  investigated  in  literature,  we  decided  to 
limit  the  potential  to  4.0  V  vs.  Li/Li+  as  unwanted  side  reactions 
with  the  electrolyte  might  occur  at  higher  potential.  Flowever,  by 
referring  the  observed  capacities  to  the  mass  of  the  entire  coating 
(including  the  electrochemical  inactive  materials),  reversible 
capacities  of  111  and  117  mAh  g-1  were  obtained,  respectively, 
which  is  good  compared  to  values  of  about  120  mAh  g-1  reported  in 
literature,  whereat  the  charge  cut-off  voltages  were  set  higher  than 
4.0  V  [2,5,8]. 

Fig.  9  illustrates  the  discharge  capacities  in  dependence  on  the 
applied  discharge  C  rate  for  the  LiFePCU/C  electrodes  processed  via 
sonication  und  turbo  mixing.  As  expected,  in  both  cases  the 
discharge  capacities  are  reduced  and  the  polarization  is  increased 
by  increasing  the  C  rate  (Fig.  10).  Due  to  the  limited  lithium-ion  and 
electron  diffusion  rates  in  olivine  structures,  capacity  losses  result 
at  high  rates  [22,32].  Flowever,  referred  to  the  entire  coating  mass, 
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Fig.  8.  Discharge  curves  of  LiFeP04/C  at  a  rate  of  0.05  C. 


Fig.  10.  Discharge  curves  of  LiFeP04/C  at  various  discharge  rate  for  the  sample 
prepared  by  sonication. 


our  nanosized  lithium  iron  phosphate  yields  extraordinarily  high 
reversible  capacities  even  at  very  high  rates  of  up  to  40  mAh  g  1  at 
16  C.  This  is  about  20%  higher  than  the  values  reported  by  Waser 
et  al.  who  used  a  very  similar  synthesis  route  but  larger  LiFePCU 
particles  [26].  We  attribute  this  very  good  performance  of  our 
material  to  the  small  particle  size  resulting  in  a  large  surface  area 
and  thus  short  diffusion  paths.  After  high-rate  exposure,  the 
LiFePC^/C  electrodes  were  cycled  again  at  a  C/10  rate  and  as  can  be 
seen  from  Fig.  9,  the  discharge  capacities  returned  to  at  least  their 
original  value  showing  that  the  electrodes  are  very  stable. 
Surprisingly,  even  improved  capacities  in  comparison  to  the  initial 
cycling  at  C/10  rate  are  observed  indicating  that  the  performance  of 
our  LiFePC^/C  composite  was  enhanced  during  cycling.  Despite  the 
fact  that  the  electrodes  made  from  sonicated  materials  showed 
a  higher  polarization  (see  Fig.  7),  slightly  higher  capacities  were 
observed  compared  to  electrodes  prepared  by  turbo  mixing. 

A  possible  explanation  for  the  increasing  performance  can  be 
found  from  impedance  measurements.  Fig.  11  shows  two  Nyquist 
plots  of  the  LiFePCU/C  electrode  prepared  by  sonication  measured 
after  the  initial  charge  and  discharge  of  the  cells  and  after  all  cycling 


experiments.  While  the  Ohmic  resistance  has  slightly  increased 
during  cycling  by  approximately  2  Q  (the  intersection  point  with 
the  real  axis  has  slightly  shifted,  see  inset),  the  diameter  of  the 
semicircle  -  indicating  the  charge-transfer  impedance  of  the 
system  -  has  decreased  by  more  than  80%.  This  can  be  explained  by 
faster  electrode  kinetics  and  may  be  attributed  to  a  change  in  the 
microstructure  and/or  the  wetting  of  the  LiFePC^/C  composite 
within  the  electrode,  see  also  Fig.  9. 

4.  Summary 

Nanosized  FePC^xF^O  was  synthesized  using  highly  scalable 
and  flexible  flame  spray  pyrolysis  whereas  the  particle  size  can  be 
controlled  by  the  concentration  of  the  iron  (III)  precursor.  High 
purity  LiFePO^C  composite  materials  with  particle  sizes  of  70  nm 
and  3.85  wt%  of  homogeneously  distributed  carbon  were  produced 
by  a  subsequent  solid-state  reaction  providing  material  with  a  good 
discharge  capacity  of  more  than  140  mAh  g-1  and  elevated  rate 
performance.  Reversible  capacities  of  142  and  107  mAh  g-1  at  0.1  C 
and  1  C  were  reached,  respectively.  In  addition,  the  material  was 
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Fig.  9.  Discharge  capacities  of  LiFeP04/C  pre-charged  with  a  charge  rate  of  0.1  C 
(except  for  the  first  cycle  which  was  set  to  0.05  C).  The  cut-off  voltages  were  adjusted 
to  2.4  and  4.0  V. 


Fig.  11.  Impedance  spectra  (Nyquist  plots)  of  nano-LiFeP04/C  electrode  (prepared  by 
sonication)  which  are  recorded  after  the  cell  formation  at  0.05  C  and  the  CC 
experiments. 
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cycled  up  to  16  C  and  showed  a  good  high-rate  capability.  In 
summary,  the  material  shows  excellent  and  improved  capacity 
compared  with  the  same  material  produced  by  various  other 
sophisticated  methods  due  to  its  reduced  particle  size.  It  has  a  great 
potential  as  cathode  for  high-capacity  Li-ion  batteries.  Especially, 
the  easy  and  scalable  synthesis  route  makes  our  approach  a  highly 
promising  way  towards  high  capacity,  safe,  economic,  and  sustain¬ 
able  cathode  materials. 
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